We used bovine intestinal organ culture to study infection by enterohemorrhagic Escherichia coli serogroups O157, O26, and O111. We show colonization and attaching and effacing lesion formation on explants derived from the ileum, colon, and rectum. Intimin and Tir were detected at the sites of adherent bacteria; Tir was essential for colonization.
Enterohemorrhagic Escherichia coli (EHEC) strains are defined by their ability to produce one or more Shiga toxins and form attaching and effacing (A/E) lesions on intestinal epithelia (25) . Ruminants are an important reservoir of EHEC (13) , and human infections are frequently associated with contact with ruminant feces (21) . The EHEC serogroup associated predominantly with human infections in the United States and Europe is O157, but other serogroups, including O26, O103, and O111, are also frequently implicated (4) .
The genes required for the formation of A/E lesions by EHEC O157:H7 are carried on two separate pathogenicity islands: the locus of enterocyte effacement (LEE) (24) and prophage CP-933U/Sp14 (6, 14) . The LEE encodes transcriptional regulators, the adhesin intimin (18) , a type III secretion system (responsible for effector protein translocation), chaperones, translocators (EspA, EspD, and EspB), and six effector proteins, including Tir (translocated intimin receptor) (20) , the only LEE effector so far implicated in A/E lesion formation. Prophage CP-933U/Sp14 carries the genes encoding the effector protein TccP/EspFU (14) .
In calves, clinical signs of natural EHEC infections range from subclinical to dysentery depending on the serogroup involved. Natural and experimental infection of normal cattle with EHEC O157:H7 results in efficient colonization of the intestinal tract in the absence of clinical signs (5, 9, 41) . In contrast, EHEC serogroups O5, O26, and O118 are commonly associated with diarrhea in calves, which imposes a significant economic burden on livestock producers (7, 29, 40) . Extensive adherence and A/E lesion formation occur with EHEC serogroups O5, O26, and O111 in the bovine large intestine (29, 36, 37) , while sparsely distributed microcolonies of EHEC O157:H7 have been reported at the same bovine intestinal site in age-matched calves (37) . In older cattle, EHEC O157:H7 has been reported to exhibit tropism for lymphoid follicledense mucosa in the terminal rectum (26) and to form A/E lesions at this site (27) .
Although cattle represent a major reservoir of EHEC, the mechanisms underlying the intestinal carriage and virulence of EHEC are poorly understood. Worldwide, very few laboratories have the capacity to study EHEC-intestine interactions in vivo owing to the cost and infrastructure required to accommodate large animals at high containment. As such, intestinal in vitro organ culture (IVOC) provides a powerful system for studying the interaction of bacteria with the mucosal surfaces of their respective hosts. Indeed, the interaction of EHEC with human intestinal explants is now the gold standard for the assessment of host-pathogen interaction (12, 14, 30) . A bovine IVOC (bIVOC) model using terminal ileum, colon, and rectum segments from adult cattle has previously been described (3) and refined (2) for EHEC O157:H7. However, although optimal conditions have been successfully described in these papers, a lack of consistency, reproducibility, and convincing results is noted in subsequent studies (8, 22, 31) . Moreover, bIVOC has yet to be utilized to study the colonization and A/E lesion formation by non-O157:H7 EHEC. The aim of this study was to adapt the bIVOC model described by Baehler and Moxley (2, 3) to investigate A/E lesion formation by wild-type and mutant EHEC O157 strains and non-O157 EHEC on different intestinal sites by using light and electron microscopy. Moreover, we sought to ascertain the role and the expression of the bacterial virulence determinants intimin and Tir during this interaction.
Interaction of EHEC O157, O26, and O111 with bIVOC. Intestinal tissue tropism of EHEC O157, O26, and O111 was investigated using explants of the terminal ileum and colon and lymphoid follicle-dense mucosa of the terminal rectum by using the previously described conditions (2) . All of the strains used in this study (Table 1) were grown overnight in tryptic soy broth and then transferred into fresh, sterile tryptic soy broth and grown to early log phase for 2.5 to 3 h prior to infection. When appropriate, nalidixic acid was used at a final concentration of 20 g ml Ϫ1 . Seven Friesian bull calves of 6 to 9 weeks of age were used in seven different experiments. Fresh segments from the terminal ileum and terminal colon and from the last centimeter of the terminal rectum were excised, rinsed in cold, sterile phosphate-buffered saline, and immersed in cold complete RPMI 1640 medium (15) As in all recent studies of bIVOC, explants were maintained in a 5%-CO 2 -in-95%-O 2 atmosphere (8, 22, 31) , which is optimal for infection of human IVOC (12, 14, 30) ; we used these conditions in our initial incubations with EHEC O157:H7. However, although tissue preservation was excellent, we observed inefficient adhesion with no A/E lesion formation (data not shown).
The fact that an oxygen-enriched environment impaired the ability of EHEC O157:H7 to induce A/E lesions supports the hypothesis that high oxygen levels negatively regulate the expression levels of some proteins involved in A/E lesion formation (3, 10) . Indeed, Ando et al. recently reported that under anaerobic growth conditions, the maturation of a functional type III secretion system apparatus is accelerated in EHEC O157:H7 (1). In contrast, maintaining the explants at 37°C on a seesaw rocker (18 cycles min Ϫ1 ) in a humidified atmosphere of 5% CO 2 in air for a total of 8 h, as was originally reported by Baehler and Moxley (2, 3), resulted in good tissue preservation, efficient adhesion, and A/E lesion formation. Thus, all subsequent incubations were performed using these growth conditions. Because Stx-positive strains were used, all incubations were performed in a category III laboratory. To prevent bacterial overgrowth and acidic pH, hourly changes with sterile fresh complete RPMI 1640 medium were carried out during culture, starting 2 h after the initial inoculation of the explants. Uninfected explants were also cultured in each experiment in order to confirm the absence of endogenous infection and that no external contamination occurred during the experimental process.
Hematoxylin-and eosin-stained sections revealed that the architecture of uninfected tissue was well preserved following an 8-h incubation compared to biopsy samples collected at the outset (Fig. 1) . Following the staining of O antigen on formalin-fixed, paraffin-embedded sections (14, 16) , EHEC O157, O26, and O111 were found to be intimately associated with the epithelium of the terminal ileum, colon, and rectum (Table 2 and Fig. 2A and B) . Chi-square 2-by-2 statistical analysis of the number of explants with intimately adherent bacteria revealed that EHEC O157 binds better than does EHEC O111 to explants derived from the terminal ileum (P Յ 0.05). No significant difference was found between Shiga toxin (Stx)-negative (TUV 93-0) ( Table 2 ) and Stx1/Stx2-positive (EDL933) EHEC O157 with respect to the number of explants with intimately adherent bacteria (P Յ 1) ( Table 2) cell-encoded intimin receptor nucleolin (32) . The mechanism by which Stx induces surface expression of nucleolin on the bovine gut cell is not known. Applying the statistical analysis to EHEC O26 revealed significantly more explants from the terminal ileum and rectum with intimately adherent bacteria than explants from the terminal colon (for ileum versus colon, P was Յ0.05; for colon versus rectum, P was Յ0.025). Our findings are of significant interest and will need to be more thoroughly investigated.
Infection with EHEC O157 resulted in a consistent pattern of colonization, characterized by scattered foci of intimately adherent bacteria in the terminal ileum and colon, whereas foci covering a larger surface of the epithelium were frequently observed in the terminal rectum ( Fig. 2A) . These results are in agreement with observations made in vivo following deliberate oral challenges for EHEC O157 (26, 37) . Some EHEC O157-positive bacteria were also found deep in the crypts in the terminal rectum ( Fig. 2A) . In contrast, EHEC O111 and O26 showed extensive foci of intimately adherent bacteria in the terminal ileum and rectum, although the foci of intimately adherent bacteria appeared to cover less epithelial surface in the terminal rectum than those of EHEC O157 (Fig. 2B) . Loosely associated bacteria were also frequently observed in explants derived from the terminal colon. No foci of intimately adherent bacteria were found on explants derived from the terminal colon infected with O26 strain 331S89 ( Table 2 ). This 
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ASSOCIATION OF EHEC WITH BOVINE GUT MUCOSA EX VIVOfinding shows variation in tissue tropism between strains of the same serogroup. The presence of typical A/E lesions (characterized by intimate adherence, localized effacement of the brush border, and microvillus elongation) was confirmed by scanning electron microscopy (SEM) and transmission electron microscopy ( Fig. 3) for all the strains assessed (except for O26 strain 331S89) in all the intestinal sites examined, although the elongation of microvilli was less obvious in the terminal colon ( Fig. 2A) . The results we obtained by using the bIVOC model are consistent with the previous observation that EHEC O157 can adhere and induce A/E lesions at intestinal sites other than the terminal rectum, which include explants derived from the terminal ileum ex vivo (31) and in a ligated ileal loop model in the presence of the neuroendocrine hormone norepinephrine (38, 39) . We previously reported that in age-matched neonatal calves EHEC O26:H Ϫ strain 193 Nal r formed extensive microcolonies in spiral colon, whereas EHEC O157:H7 strain EDL933 formed only sparse microcolonies, despite the calves shedding comparable numbers of bacteria (37). EHEC O111:H Ϫ strain E45035N similarly formed dense microcolonies in the colon of neonatal calves (36) . Though the overall numbers of explants infected with EHEC strains of serogroups O26 and O111 may not reflect this trend, the histological appearance of extensive microcolonies as apposed to diffusely attached EHEC O157 supports these findings and may reflect interactions between bacteria that facilitate colony spreading in the non-O157 strains. Further, the explants cultured in the present experiments derived from 6-week-old animals and the tissue tropism of the O26 and O111 strains were studied only in 4-day-old calves. Importantly, no bacteria of the endogenous gut flora were seen, even in association with uninfected control tissue taken at time zero (T 0 ). This suggests that the gut microflora is not closely associated with the mucosa. As such, the relationship between EHEC and the gut microflora is not addressed in this study. However, A/E lesions were readily FIG. 5 . Detection of intimin ␥ and Tir at the site of interaction of EHEC O157:H7 strain 85-170 Nal r with the bovine intestinal mucosa. Tir was found at the apical surface of infected enterocytes (arrowheads in the "Tir" panel), whereas intimin ␥ was detected on both luminal and intimately adherent bacteria (arrowheads in the "Intimin" panel of the "85-170, terminal rectum" section). An F-actin rim, which was found to be continuous and regularly distributed at the apical surface of the enterocytes on uninfected explants ("Actin" panel of the "Uninfected, terminal rectum" section), appeared to be disrupted, at least locally, in the presence of intimately adherent bacteria. Similar results were obtained with EHEC O157:H7 strain TUV 93-0. Neither Tir nor intimin was detected on uninfected cryosections. Representative micrographs from the terminal rectum are shown, and similar findings were observed in the terminal ileum and colon. Hoechst 33342 (blue, false color), nuclei and bacteria; Cy5 (intense blue, false color), O157-positive bacteria; Cy2 (green, false color), intimin ␥ or Tir; phalloidin-tetramethyl rhodamine isothiocyanate (TRITC) (red, false color), F-actin. Bar, 10 m.
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GIRARD ET AL. APPL. ENVIRON. MICROBIOL. seen in our study after the 8-h incubation and it is known from signature-tagged mutagenesis (11, 37) and targeted mutagenesis that these are pivotal for the colonization of calves and adult cattle. Our data also confirm the development of extensive microcolonies on terminal rectum mucosa by E. coli O157 (26); however, it is unclear whether this reflects an increased number of initial adherence events or spread over the mucosal surface due to enhanced growth, interbacterial interactions, or other factors. We report for the first time that EHEC strains of serogroups O26 and O111 can adhere to the terminal rectum mucosa. This colonization pattern, if proven in experimentally inoculated animals, may support the value of intervention strategies aimed at clearing EHEC of various serotypes by direct application of antimicrobial agents to the terminal rectum mucosa.
Localization of intimin and Tir at the site of intimately adherent EHEC O157:H7. The role of Tir in intimate adherence of EHEC O157:H7 strain TUV 93-0 was first investigated using a ⌬tir derivative. Only a few O157-positive bacteria were observed close to the ileal epithelium following the immunostaining of a formalin-fixed, paraffin-embedded section, whereas virtually no O157-positive bacteria were found in the terminal colon and rectum (Fig. 4) . A consistent phenotype was observed for samples processed for SEM (data not shown). The ability of the ⌬tir derivative to induce A/E lesions was restored when it was trans complemented with its isogenic tir gene (data not shown). This shows that tir is required for the development of A/E lesions by EHEC O157:H7, as observed in vivo in calves (38) .
The expression of the intimin and Tir by intimately adherent bacteria was also further investigated by using cryosections. Because of the category III laboratory restrictions, we did not process any frozen samples from Stx-positive EHEC O26-and O111-infected explants. Immunostaining with rabbit anti-Tir EHEC localized Tir to the apical surface of enterocytes at almost every site of intimately adherent bacteria in each of the intestinal sites (terminal ileum, colon, and rectum) (Fig. 5) , and its presence was always associated with O157-positive bacteria. For its part, intimin was detected on both luminal and intimately adherent bacteria in most of the investigated sites (Fig. 5) . The absence of A/E lesions using a TUV 93-0⌬tir derivative, combined with the expression of intimin and Tir in foci of intimately adherent bacteria, is in agreement with the findings of Vlisidou et al., showing that the intimin-Tir interaction is a relevant mechanism in the colonization and development of A/E lesions in calves (38) . In our study, in most cases, a rim of F-actin, which was found to be continuous and regularly distributed at the luminal surfaces of the enterocyte layers of uninfected explants after 8 h (Fig. 5, bottom panels) , appeared to be disrupted, at least locally, in the presence of intimately adherent bacteria (Fig. 5) . Neither Tir nor intimin was detected on uninfected cryosections (Fig. 5 , bottom panels). Our data also support a recent observation in neonatal piglets and calves, showing that immunostained Tir is observed at the site of bacterial adherence following deliberate oral challenge with the EHEC strain 86-24 (34) .
In conclusion, this study shows that O157 and non-O157 EHEC strains can colonize and induce A/E lesions on bovine intestinal explants from various sites, including the terminal rectum. It also strengthens the fact that intimin-Tir interaction is the major mechanism of colonization of the bovine gut. Considering that cattle are the major source of environmental and food contamination by EHEC, reducing bacterial carriage will significantly reduce the risk to humans. To this end, we have to increase our understanding of bacterium-host cell interactions. Considering the difficulties of studying the association of EHEC with the bovine gut mucosa in vivo, the bovine IVOC model provides a practical way forward to study bacterial pathogenesis, host specificity, and the host response.
